Abstract-The results of experimental studies of the AK7ch Al-Si alloy before and after modifying with compositions-(i) the K 2 ZrF 6 industrial modifier, (ii) modifying mixture based on refractory metal oxides and cryolite, and (iii) the Arsal 2120 foreign flux-are presented. It is established that modification of the AK7ch alloy leads to the uniform distribution of eutectics (α Al + β Si) and structural components, dimin ishing silicon crystals by a factor of 1.5-2.0 on average, refining, and variation in shape of Fe containing phases. It is shown that an increase in relative elongation by a factor of 2 and more is characteristics of all modified samples, and the tensile strength, hardness, and densities of casts for all the samples are different and have an ambiguous character.
INTRODUCTION
The use of aluminum alloys in industry (building, transport, aircraft building, etc.) as construction materials becomes increasingly variable. Alloys of the Al-Si system (silumins)-which are characterized by good foundry, manufacturing, and mechanical prop erties-are of special interest among foundry alloys. It is known [1, 2] that the presence of such impurities as Fe and Si in the alloy, which form phases insoluble in α solid solution, lead to a decrease in their plasticity, fracture toughness, etc. When forming the eutectic, silicon is usually isolated in the form of rough needle and platelet crystals, which promotes the worsening of the operational characteristics of wares. The Fe con tent in the alloy of the Al-Si system is also the cause of an abrupt decrease in mechanical and operational properties of casts, since Fe containing phases have a coarse crystalline structure and negatively affect firstly the relative alloy elongation [3] . The harmful influ ence of Fe containing phases can be lowered by a decrease in their fraction to 0.1-0.3 vol %, as well as by increasing the dispersity of silicon eutectic and Fe containing phases due to modifying alloy [2, 4] .
Metallurgical methods of modification are the most important manufacturing stage in the production of Al-Si alloys being used to improve the structure and to form alloy with a set of specified properties acquired due to refining structural components of cast alloy, α Al solid solution, and primary silicon and eutectic crystals.
Currently, numerous publications are devoted to the metallurgical modification of Al-Si alloys, partic ularly, AK7ch [3, [5] [6] [7] [8] . Experimental data on the modification of silumins by compositions of various salts, strontium, sulfur, phosphorus, nickel, etc. are given. Mainly fluxes based on salts of sodium, potas sium, and potassium fluorozirconate (K 2 ZrF 6 ), which provide the simultaneous refining and modification of the melt causing strong grain milling, are used in industrial conditions of machine building enterprises [5] . Foundry shops often use foreign fluxes and modi fying compositions, the cost of which substantially exceeds Russian analogs. A topical direction in the field of modification is also the application of ultradis persed particles of various chemical compositions [9, 10] . During such modification, powder particles, due to their small size, are assimilated well by the melt, distribute uniformly over the volume, and further become the crystallization centers [7] . The authors of [11, 12] show that the use of refractory particles as modifiers leads to considerable refinement of struc tural components, the improvement of mechanical properties, and a decrease in the amount of casting rejection. However, the questions associated with the influence of ultradispersed modifiers on the variation in the structure, phase composition, and mechanical properties of silumins remain poorly known and open. Therefore, this study was aimed at investigating the influence of the modifying mixture based on ultradis persed refractory metal oxides and cryolite on the structural phase state and mechanical characteristics of the AK7ch alloy compared with industrial and for eign modifiers.
Influence of the Modifying Ability of Various

EXPERIMENTAL
The object of the investigation was the alloy of the AK7ch brand (the chemical composition according to GOST (State Standard) 1583-93). We used aluminum of the A7 brand (GOST 11069-2001) , AK12pch alloy (GOST 1583-93), and magnesium MG95 (GOST 1583-93), as initial charge materials. Smelting was performed in CAT 0.25 furnaces in steel crucibles according to the technology accepted at the enterprise [13] . The samples for mechanical tests were poured into a chill mold according to GOST 1583-93. Ther mal treatment was performed by the T2 mode accord ing to GOST 1583-93.
When modifying the AK7ch alloy, we applied mod ifying mixtures (MMs) of various chemical composi tions (Table 1) :
(i) industrial modifier K 2 ZrF 6 (sample A 2); (ii) modifying mixture based on ultradispersed powders (UDPs) of refractory metal oxides and cryo lite found by plasmachemical method with particle size d av = 0.7 μm (sample A 3); (iii) Arsal 2120 foreign flux (sample A 4). The reference sample was an unmodified sample (A 1) of the AK7ch alloy.
When studying the structural phase composition of Al-Si samples, we used X ray phase analysis (XPA) and scanning electron microscopy (SEM). XPA stud ies were performed using a Shimadzu XRD6000 X ray diffractometer (Nano Center of Tomsk Polytechnic University, Tomsk) at a voltage of 40 kV and anode current of 30 mA using CuK α radiation (λ = 1.5418 A). A Vega II LMU electron microscope combined with an INCA Energy 350 (Collective Use Center of the Tomsk State University, Tomsk) system for X ray energy dispersive microanalysis (XREDM) was used in SEM investigations. Tensile mechanical tests were performed using an UMM 5 tensile testing machine (Scientific and Research Center Polyus, Tomsk). Density was measured using an Ultrapycnometer 1000 pyknometer (Nano Center of the Tomsk Polytechnic University, Tomsk).
RESULTS AND DISCUSSION
Investigations into the Structural Phase Composition
The quality of casts was evaluated by the dendrite structure, size of silicon wafers, localization of impu rities, and mechanical properties. The microstructure of all casts under study consisted of α Al dendrites and eutectic arranged in interdendrite spacings (α Al + β Si) (Fig. 1) . According to the XPA data, the samples com prised α Al alloy containing β Si, α (AlFeSi), and β (Al 5 FeSi) phases (Fig. 2) . XPA results are confirmed by SEM studies, according to which phases α (AlFeSi) and β (Al 5 FeSi) are seen well in the backscattered elec tron mode (phase contrast, see Figs. 1f-1j ). In addition, we performed XREDM during SEM recording in local points of various phases and calculated the theo retical chemical composition, which corresponds to the XPA data.
Clearly pronounced agglomerations of (α Al + β Si) eutectic and variable granularity of α Al dendrites, which lies in a range of ~13-93 μm (see Figs. 1a, 1f) , are firstly noticed in the structure of the cast of the A 1 initial sample. The average size of α Al dendrites is 31 μm and that of Si crystals is 12.5 μm (Fig. 3) . The α (AlFeSi) phase crystallize in a form of thin skele ton shaped streaks with a size of separate elements of 15 μm, while the β (Al 5 FeSi) phase has the shape of roughly dispersed plates ~70 μm in length (see Fig. 1f ).
When performing local XREDM, we also established that Si, Cu, and Zn are present in the α Al solid solu tion is small amounts, while α (AlFeSi) and β (Al 5 FeSi) phases contain Ni, Zn, Cu, Mg, and Mn impurities.
The introduction of modifying compositions (see Table 1 ) into AK7ch alloy substantially affects the for mation of the structure of the samples under study. When using the K 2 ZrF 6 industrial modifier (0.2 wt %), the absence of eutectic agglomerates (α Al + β Si) and twofold reduction of the size range of Si crystals (~11-40 μm) are observed. Compared with the A 1 initial sample, the average size of Si crystals in the A 2 sample decreased more than threefold and constituted 3.6 μm (see Fig. 3 ). The distribution character of for mation of α (AlFeSi) and β (Al 5 FeSi) phases also changed. These phases are not distinguished in the X ray diffraction pattern. It is seen from the SEM data in the phase contrast mode that the Fe containing phases are also present, which is also confirmed by the XREDM spectra. However, it seems impossible to establish the phase type, and additional transmission electron microscopy investigations are required. The size of Fe containing phases decreased and consti tuted ~23 μm. When performing XREDM, we also established that Ni, F, Mg, Mn, and C impurities are present in the Fe containing phases.
Microstructure of the A 3 sample (see Figs. 1c, 1h ) after the introduction of 0.4 wt % MM based on UDPs of metal oxides and cryolite also consists of weakly branched α Al dendrites (α Al + β Si) eutectic arranged in interdendrite gaps and does not differ from the A 1 initial sample at the first glance. The analysis of the structural constituents of the A 3 sample showed that the sizes of α Al dendrites were invariable and constitute ~31 μm (see Fig. 3 ). An average size of Si crystals decreased to ~8.9 μm, which is substantially smaller compared with the A 1 initial sample (see Fig. 3 ). According to the SEM and XREDM data, when looking the samples in the phase contrast mode, it is seen that the Fe containing phases are present, but their size and form varied considerably (see Fig. 1h ); for example, quantity d av decreased to ~15 μm. These phases are not observed in the X ray diffraction pat tern as well; i.e., their content is very low, so it seems to be impossible to interpret it unambiguously. Accord ing to the XREDM results, such impurities as Mn, Ni, Cu, and Mg and C are present in Fe containing phases in certain cases, which points to the possibility of car bide formation. Similarly to the initial sample, Si, Cu, and Zn are present in the α Al solid solution, and con tents of elements in samples A 1 and A 2 almost coin cide. This fact evidences that the introduction of MM did not affect the α Al solid solution, but affected the size of Si crystals and the shape and size of Fe con taining phases. When modifying the AK7ch alloy by an Arsal 2120 foreign flux (Schafer, Germany) in an amount of 0.2 wt %, the considerable refinement of Si crystals and variation in shape and size of Fe containing phases are also observed (see Figs. 1d, 1i) . The size dis tribution of Si crystals lies in a range of ~1-20 μm, which is substantially smaller compared with other samples, and d av ~ 4 μm in this case (see Fig. 3 ). The size of α Al dendrites is ~35 μm, which is comparable with other samples (see Fig. 3 ). The Fe containing α (AlFeSi) and β (Al 5 FeSi) phases, similarly to other modified samples, are formed in a form of plates of various shapes with the average size of ~26 μm. According to the SEM data, similarly to previous cases, it seemed impossible to establish the type of Fe containing phases. The analysis of XREDM spec tra shows that Mn, Mg, and C in certain cases are present in Fe containing phases.
Based on the experimental data found for the A 3 and A 4 samples, we decided to prepare a mixture of modifiers in a ratio of 50 : 50 and modify AK7ch alloy by it. The cast microstructure after introducing the MM consisting of 0.5% UDP based on refractory par ticles of metal oxides and cryolite and 0.5% of the Arsal 2120 foreign flux is characterized by an increase in sizes of α Al dendrites and reduction of sizes of crystals of Si and Fe containing phases. For α Al den drites, d av ~ 57 μm, which is larger by a factor of 1.5 compared with other samples, and, for Si crystals, d av~ 5.5 μm (i.e., it becomes smaller). Similarly to other modified samples, it seemed impossible to estab lish the type of Fe containing phases by XPA and XREDM methods. In the A 5 sample, they are formed as coarse dispersed plates with an average size of 36 μm. Impurities of Mn, Mg, F, Ni, and C are present in Fe containing phases according to the data of XREDM spectra.
The experimental data show that the shape of Fe containing phases varied after the modification in all the samples and their content and size decreased. This is explained by the fact that these phases have covalent interatomic bonds, while the introduction of MMs containing various elements into the melt con ditions the dissolution of atoms of elements in the growing crystal of the Fe containing phase thereby weakening the covalent bond. Due to this fact, the ori enting crystal growth weakens upon contacting with a liquid phase. The authors of [14] showed that if the finely dispersed formation of Fe containing phases is provided, they could serve as the strengthening phase.
Investigations into Mechanical Properties
It is known that silumins with coarse needle eutec tic have low mechanical properties due to high brittle ness of silicon and the presence of Fe containing phases [4] . The results of studying the mechanical properties of casts produced when modifying AK7ch alloy by various MMs, as well as the data according to GOST (State Standard) 1583-93, are presented in Table 2 . It is seen that the relative elongation is char acteristic of all modified samples, and the temporal rupture strength for them is different, being in limits from 14.4 to 22.0 kgf/mm 2 . Optimal mechanical prop erties are observed for sample A 2 modified by 0.2% , σ = 3.7%, and hardness is 69 HB (see Table 2 ). Interesting characteristics are found for sample A 5: lowest values of hardness are 39 HB and σ u = 14.4 kgf/mm 2 , but highest ones are δ = 8.4% and ρ = 3.3 g/m 3 (see Table 2 ). The high level of relative elongation and density of the A 5 sam ple is apparently associated with the formation of the cast structure after the modification by a mixture of modifiers, which is characteristic of an increase in size of α Al dendrites and a decrease in size of Si contain ing and Fe containing phases, which leads to an increase in plasticity and strengthening grains of α Al and other phases.
CONCLUSIONS
Thus, we investigated five samples of AK7ch alloy of various compositions, notably, initial, after intro ducing 0.2% K 2 ZrF 6 , modified with a mixture in amount of 0.4% based on ultradispersed powders of refractory metal oxides and cryolite with the addition of 0.2% Arsal 2120 foreign flux, and after introducing 1% of the mixture of modifiers (0.5% MM based on ultradispersed refractory metal oxides and cryolite and 0.5% Arsal 2120 foreign flux).
It is established that the absence of agglomerations of eutectic (α Al + β Si) and uniform distribution of α Al dendrites are observed after the modification for all the samples. A decrease in size of Si crystals, con tent, and size of Fe containing phases is also observed.
It is shown that the introduction of various MMs affects the mechanical properties of casts. An increase in relative elongation is observed for all the samples, which is in turn associated with a decrease in sizes of silicon crystals. Optimal mechanical properties are inherent to the samples modified with 0.2% K 2 ZrF 6 . The highest relative elongation (8.4%) is characteristic of the A 5 sample modified with a mixture of modifiers (0.5% UDP + 0.5% Arsal 2120), and an increase in density (to 3.3 g/cm 3 ), an increase in size of α Al den drites (d av ~ 57 μm), and diminishment of the silicon crystals (d av ~ 5.5 μm) are characteristic of them.
